Earlier studies have found that listeners presented with a loud and clear repeating sequence of brief steady-state vowels typically report hearing two voices with distinctly different timbres repeating different syllables that either are English words or occur in English words. One of the simultaneous voices is generally based upon frequencies below, and the other above, the ''crossover frequency'' at approximately 1500 Hz that divides normal speech into regions contributing equally to intelligibility. It has been hypothesized that the lack of linguistic content halts the processing of vowel sequences at the syllabic level, and that the spectral splitting corresponding to the concurrent voices reflects a mechanism for independent processing of different frequency regions that can lead to increased intelligibility under difficult listening conditions. The present study employed twelve randomly selected arrangements of the same six 70-ms vowels, and it was determined that: ͑1͒ individuals reported the same perceptual organizations the following week; ͑2͒ insertion of a brief silent gap between restatements of a sequence resulted in reports of similar ͑and occasionally identical͒ syllables by different listeners hearing the same sequence; and ͑3͒ when two listeners' responses differed, they could nevertheless identify the particular vowel sequences corresponding to each other's verbal forms. Spectrograms of vowel sequences were compared with time-aligned spectrograms of a speaker's synchronous production of the forms as they were being heard, and some common features of the acoustic patterns were noted. It is suggested that vowel sequences provide a reliable and useful tool for probing aspects of the perceptual organization of speech sounds that are normally obscured by additional linguistic processing.
INTRODUCTION
Speech consists of an ordered series of brief sounds, and the recognition of syllables and words involves some of the organizational principles operating with other types of acoustic sequences. It is of relevance to speech perception that different arrangements of nonverbal sounds can be discriminated when items are presented too rapidly to permit the identification of order. Experiments with sequences of tones ͑Warren and Bashford, 1993; Warren and Byrnes, 1975; Warren et al., 1991͒ and with sequences of arbitrarily selected hisses, tones, and buzzes ͑Warren, 1974a, b; Warren and Ackroff, 1976͒ have shown that when successive sounds have durations below the threshold for the identification of order ͑and within the range of durations of phonemes in speech͒, they form distinctive ''temporal compounds'' that permit listeners to discriminate readily between different arrangements of the same sounds. Even when listeners are unable to identify any of the individual components, they are still able to recognize and distinguish between the temporal compounds representing permuted orders ͑see Warren, 1993͒. These observations suggest that different arrangements of brief speech sounds could also form distinctive temporal compounds, so that an initial resolution into an ordered series of phonemes might not be necessary for the recognition of syllables and words ͑Warren, 1988͒. This contrasts with the widely held belief that comprehension of speech requires segmentation into an ordered series of phonemes at some early stage of perceptual processing ͑e.g., Jones, 1978; Miller and Jusczyk, 1989͒. In keeping with the belief that word recognition requires the ordering of individual speech sounds, a number of studies have employed repeated or recycling sequences of vowels to determine the lower durational limit for the identification of their order ͑Cole and Scott, 1973; Cullinan et al., 1977; Dorman et al., 1975; Thomas et al., 1971; Thomas et al., 1970; Warren, 1968; Warren et al., 1969; Warren and Warren, 1970͒ . These studies have generally found that the naming of order in sequences of concatenated steady-state vowels is accomplished with ease at 200 ms/item, but is not possible below about 125 ms/item. The addition of acoustic transitions resembling those linking successive phones in coarticulated productions reduced thresholds to about 100 ms/item. These threshold values gave rise to some puzzlement, since the average duration of speech sounds in normal discourse is approximately 70-80 ms ͑Efron, 1963; Lenneberg, 1967͒ . However, none of these studies involving vowel sequences reported examining the perceptual consequences of reducing item durations below the threshold for order identification.
Warren et al. ͑1990͒ employed repeating sequences of steady-state vowels, presented loudly and clearly, that had durations below that reported for the identification of order. They found that at durations between 30 and 100 ms/vowel, linguistic temporal compounds in the form of syllables were heard that permitted listeners to distinguish readily between different arrangements of the same vowels. These illusory syllables consisted of consonants and of vowels that frequently differed from those in the stimulus. The syllables were typically either those occurring in English as monosyllabic words, or as syllabic components of polysyllabic words ͑Chalikia and There was an additional characteristic of the verbal organization of brief vowel sequences reported in the initial study by Warren et al. ͑1990͒ : Listeners reported hearing two concurrent voices having different timbres, each voice saying something different. A subsequent study by Chalikia and Warren ͑1994͒ found that different spectral ranges were employed for each of the simultaneous voices: When listeners were instructed to adjust the cutoff frequencies of a bandpass filter to the narrowest range required for the perception of each of the verbal forms, the median limits were 300-1200 Hz for the low voice and 1500-3500 Hz for the high voice.
It has been suggested that, as with other auditory illusions, vowel sequences reveal mechanisms that are normally used for achieving accurate perception ͑Warren, 1996͒. Sequences consisting of steady-state vowels lack higher-order linguistic information so that processing is halted at the level of English syllables. The observations made with vowel sequences have suggested the following principles: ͑1͒ in addition to a mental lexicon, listeners possess a mental syllabary consisting of syllables occurring in English; ͑2͒ listeners possess the ability to split unclear utterances into separate spectral regions, and to process each separately; and ͑3͒ the overall ͑i.e., holistic or gestalt͒ pattern of speech sounds can lead to the perception of syllables and words without the resolution of a sequence of individual phones into a sequence of normally corresponding individual phonemes ͑Chalikia and Warren, , 1994 Warren et al., 1990͒. In our earlier studies it was found that, although there were occasional similarities in the verbal organizations, listeners presented with the same vowel sequences usually reported verbal forms that were quite different. This was puzzling, since it would be anticipated that the acoustic patterns of vowel sequences would have features in common with the acoustic patterns of the forms heard so that similar perceptual organizations would be perceived across listeners. It was hypothesized that the individual differences in the verbal forms reported might be attributable to the starting of perceptual organizations at different points in the repeating stimulus ͑Chalikia and Warren et al., 1990͒ . The present study introduced pauses between repetitions of a vowel sequence to ensure that all listeners employed the same starting position. Retests of listeners with the same set of permuted arrangements of vowels after one week were conducted to determine if responses were stable over time. Also, lists of the syllables and words reported for different arrangements of the same vowels by one individual were given to another to determine if it were possible to match their partner's verbal forms to the appropriate sequences. In addition, the speaker whose voice was used to create the steady-state stimulus vowels also produced synchronous statements of the verbal forms heard while listening to the vowel sequences through headphones. Simultaneous twochannel recordings were made and used to generate temporally aligned spectrograms of the stimuli and these verbal productions. The spectrograms were examined to determine the nature and extent of acoustic similarity between the spectral patterns of the vowels and the spectral patterns of actual productions of the forms being heard.
I. EXPERIMENT 1
In experiment 1, iterated sequences of six 70-ms vowels were presented to listeners. Silent gaps of 250 ms separating successive restatements of the six items were introduced to ensure that perceptual organizations would begin with the same vowel.
A. Subjects
Five yoked pairs of listeners were assembled by randomly pairing members of an ''A'' group of five listeners with members of a ''B'' group of five listeners. Subjects in the A group were graduate students who had no prior experience with the stimuli and were paid for participation, whereas members of the B group were laboratory personnel ͑three graduate students and two staff members͒ who had varying degrees of familiarity with vowel sequence stimuli. All ten subjects were native speakers of English, and none had known hearing problems.
B. Stimuli and apparatus
Each recycling vowel sequence was composed of six vowels: /,/ as in ''had,'' /}/ as in ''head,'' /Ä/ as in ''hod,'' /{/ as in ''heed,'' /(/ as in ''hid,'' and /Ñ/ as in ''herd.'' A male laboratory staff member ͑who was also one of the subjects in the B group͒ produced extended statements of each of the vowels at a 100-Hz voicing frequency by matching the pitch of his production to a 100-Hz tone heard through headphones. The productions were transduced by a Beyerdynamic model M300 T6 microphone, amplified by a Panasonic Ramsa WR-133 audio mixer, and recorded digitally at a sampling frequency of 22 kHz with 16-bit amplitude quantization using Digidesign Sound Designer hardware and software running on a Macintosh IIfx computer.
Individual 10-ms glottal pulses, each starting and ending at zero-cross to minimize acoustic transients, were excised from the extended statements of each vowel. These single glottal pulses were iterated seven times to yield the 70-ms steady-state vowel bursts used to create the sequences. A panel of five experienced listeners judged the vowels to be clearly identifiable when presented separately as isolated 70-ms bursts. The recordings of the six vowel bursts were adjusted for playback at equal A-scale sound-pressure levels, which resulted in the individual vowels having approximately equal loudness. They were sampled randomly with-out replacement, and abutted to produce six different arrangements of the vowels. The particular arrangement of vowels within each sequence was determined randomly, and each sequence was iterated with a 250-ms silent pause separating ͑and defining͒ the first and last vowels.
The repeating vowel sequences, with gaps, were recorded at 15 i.p.s. on parallel tracks of an Otari MTR 90-II, 16-track analog tape recorder so that each of the sequences could be accessed when desired by switching to the appropriate track. For presentation of the stimuli, a Neotek Series 1 audio mixing console was used to equate the level of each vowel sequence, and a control box consisting of six momentary-contact pushbutton switches was used to allow access to any one of the sequences at any time. The stimuli were presented diotically at an A-scale weighted soundpressure level of 60 dB using Sennheiser HD-230 headphones.
During the last session of the experiment, a Wavetek model 852 audio filter ͑48 dB/oct slopes͒ was placed just prior to the headphones in order to identify the spectral region corresponding to each of the verbal forms.
C. Procedure
Experiment 1 consisted of three sessions. Sessions 1 and 2 were separated by exactly one week, and session 3 followed within several days of session 2. Subjects were tested individually while seated across from the experimenter in an audiometric room. A preset search-to-cue device allowed remote operation of the Otari tape recorder which was located outside the booth to minimize extraneous sounds. Members of the yoked subject pairs had no contact with one another during the course of the experiments, and all subjects were instructed not to discuss their responses with each other.
Session 1
Subjects were informed that they would be listening to sequences of vowels and reporting what was heard. They were allowed to familiarize themselves with the vowel sequences by depressing each of six buttons labeled A through F on the control box. As was the case in all phases of the experiments, the subjects were allowed to listen as long as they wished, and they could switch back and forth between the sequences as often as they desired.
Subjects were told that, whenever they were ready, they should write down what the voice or voices were saying on a response sheet alongside the appropriate button letter. If they heard more than one voice, they were instructed to write down what each voice was saying. The listeners were told that in a subsequent session, they would be attempting to identify a scrambled arrangement of the six sequences using the verbal forms reported by another subject, and that another subject would be receiving their reports for the same task. They were therefore asked to write what was heard in a manner that was clear and unambiguous.
After the subjects completed their transcriptions, the same set of six vowel sequences were heard with a different randomly determined button-to-sequence correspondence, and they attempted to identify the new location of the sequence corresponding to each of the verbal forms reported previously. They responded by writing down the button letter next to their report of the perceived form͑s͒. As the last task of session 1, the subjects read aloud the verbal forms heard for each sequence. Subjects were again allowed access to the stimuli during this procedure and urged to report carefully what was heard. Their responses were recorded on a cassette recorder for archival purposes, and transcribed by the experimenter using the International Phonetic Alphabet.
Session 2
The procedure for identifying a scrambled arrangement of the six vowel sequences employed the previous week was used again: Each subject received a sheet listing the verbal forms reported in session 1 and attempted to match each sequence with their initial report. As before, a new random button-to-sequence correspondence was used.
Following their attempt to match the vowel sequences to the forms reported the previous week, the subjects tried to match the sequences to the verbal forms reported by their yoked counterparts. They received a sheet listing the forms reported by their partner during session 1 and attempted to identify the corresponding acoustic sequences by writing down the button letters next to the corresponding forms.
Session 3
In the initial study with sequences of brief vowels, it was reported that listeners usually perceived a pair of simultaneous voices differing in both timbre and phonemic content ͑Warren et al., 1990͒. It was found subsequently that separate spectral regions are employed for each verbal organization: Components below 1500 Hz are generally used for one form, and components above that approximate frequency are used for the other ͑Chalikia and Warren, 1994͒. Based on these earlier findings, it was reasoned that if subjects were able to hear the perceptual organizations reported by their yoked counterparts, then they should agree on which spectral region ͑high or low͒ corresponded to each voice. A filtering paradigm was therefore employed to determine which of the spectral regions corresponded to each of the verbal forms.
Subjects were shown the verbal form or forms reported by their yoked counterpart for a given sequence. They were allowed to hear the sequence broadband and instructed to listen for their partner's form͑s͒. Half the subjects heard each sequence first low-pass filtered then high-pass filtered, and the other half heard each sequence with the order of the spectral ranges reversed. For the low-voice condition, the cutoff of a low-pass filter ͑Wavetek model 852, 48 dB/oct slopes͒ set at 100 Hz was raised until the subject indicated hearing one of the forms that had been reported for that sequence. For the high-voice condition, the high-pass filter cutoff was set at 6 kHz and then lowered until the subject reported hearing one of the partner's forms.
After identifying the spectral regions from which the yoked partner's verbal forms originated, the filtering procedure was repeated to identify the spectral regions of the subject's own forms. During this phase, the order of low-pass/ high-pass filtering was reversed for counterbalancing purposes so that subjects who listened for their partner's forms low-pass filtered followed by high-pass filtered, listened for their own forms high-pass then low-pass, and vice versa.
D. Results
As in previous experiments involving vowel sequences, subjects in both groups A and B in the present study almost invariably reported verbal forms consisting of English words or syllables occurring in English words. The spectral fissioning reported previously ͑Chalikia and Warren, , 1994 Warren et al., 1990͒ was observed with each of the six sequences by nine of the ten subjects, who reported hearing a pair of simultaneous voices differing in both timbre and phonemic content. In keeping with the report of Chalikia and Warren ͑1994͒ based upon different vowel sequences, the low forms heard by the nine listeners corresponded to frequencies generally below 1500 Hz, and the high forms to frequencies above this value. The remaining subject ͑subject 3A in Table I͒ reported hearing a single voice along with a distinct nonverbal residue when listening to four of the six vowel sequences, and a pair of simultaneous voices for only two of the sequences. Thus a total of 116 verbal forms were reported in this experiment.
All ten subjects in experiment 1 were able to use their verbal organizations to identify a scrambled arrangement of the six vowel sequences immediately after transcribing the forms in session 1 ͑six out of six correct: pϽ0.002 for each listener by binomial distribution͒, and also one week later in session 2. Subjects were also generally able to identify a scrambled arrangement of the sequences using the verbal forms reported by their yoked partner: Five of the subjects correctly identified all six sequences ͑pϽ0.002͒, and four subjects reversed two of the sequences yielding four out of six correct ͑pϽ0.05͒. One of the subjects could identify only two of the six sequences correctly ͑ns͒.
The low-pass/high-pass filtering procedure employed in session 3 allowed the subjects to determine whether the verbal forms were based upon either the high-or low-spectral components. Each of the verbal forms could be labeled unambiguously as either high or low by at least one member of the subject pairs, and 102 of the 116 forms reported ͑88%͒ could be labeled by both members of the yoked pairs. In this majority of cases in which both subjects could identify the spectral region corresponding to a form, subjects generally agreed on these designations-in only a single case did partners disagree and reverse the assignment of high and low. The filtering procedure also indicated that the single verbal forms reported by subject 3A were based upon the low spectral components. Table I lists the verbal organizations reported by each subject for each of the vowel sequences of experiment 1 ͑group A had no prior experience with vowel sequences, while group B did͒. Perceptual organizations that were matched to the appropriate sequence by an individual's yoked partner in session 2 are underlined. Examination of the forms listed in Table I reveals that the perceptual organizations reported by the different subjects for the same vowel sequences were frequently very similar in phonemic structure, and sometimes identical. In accord with the report by Chalikia and Warren ͑1991͒, the verbal forms correspond-TABLE I. Verbal organizations reported by individual subjects when listening to sequences of six steady-state vowels repeating with a 250-ms silent pause separating restatements of a sequence ͑experiment 1͒. Underlining indicates that the subject's partner could correctly identify which of the six arrangements was responsible for that form. An asterisk indicates that the form appears more than once in the column.
ing to the low spectral range ͑which they referred to as ''primary'' forms͒ are generally longer and have greater phonemic complexity, whereas the forms reported for the high spectral range are generally brief and phonemically impoverished. The verbal forms reported all conform to the phonotactic rules for English, and further, almost all forms consisted of syllables occurring in English. It can be seen that, along with various vowels ͑including some not present in the stimulus͒, syllables consisted of an assortment of diphthongs, nasals, approximants, and stop consonants. Fricatives were generally absent except for a single report of /f/ and a few reports of /h/. Stop consonants occurred frequently, and they were usually voiced. There were no obvious differences in the responses of laboratory personnel ͑group B͒ and those lacking experience with psycholinguistic experiments ͑group A͒.
II. EXPERIMENT 2
All subjects were tested one week after their participation in experiment 1. Except for differences noted below, experiment 2 employed the same subjects, vowel stimuli, and procedures used in experiment 1.
A. Stimuli and apparatus
Six vowel sequences ͑sequences 7-12͒ were created using new random arrangements of the same six 70-ms vowel bursts employed in experiment 1. Unlike experiment 1, there was no silent gap separating repetitions of the six items, so that each listener was free to start their verbal organization using any of the vowels.
Informal observations conducted before the start of experiment 1 indicated that each of the steady-state vowels could be identified when heard in isolation. In order to verify that each vowel was indeed identifiable, five of the vowels in a repeating six-item sequence were deleted ͑yielding repeated statements of a single 70-ms vowel burst separated by 350-ms silence͒, and this procedure was repeated for each of the six vowels. These isolated vowel statements were recorded on six parallel tracks of the Otari tape recorder so that any vowel could be accessed when desired by switching to the appropriate track.
B. Procedure
The procedure was the same as that employed in experiment 1, except that at the end of the third session, the subjects attempted to identify each of the vowels when heard alone. This additional procedure is described below:
Vowel identification
The subjects depressed each of six buttons labeled A through F on the control box to hear each of the six 70-ms vowels in isolation. They responded by writing the appropriate letter on a response sheet having six lines labeled: '','' as in ''had,'' ''|*'' as in ''head,'' ''~*'' as in ''hod,'' ''||'' as in ''heed,'' ''{'' as in ''hid,'' and ''|.'' as in ''heard.'' As in all previous phases of the experiments, subjects were allowed to listen as long as they wished, and they were free to switch between the stimuli as often as they desired.
C. Results
When the 250-ms silent gap was eliminated, subjects could still correctly identify a scrambled arrangement of the six vowel sequences using their own verbal forms: Immediately after transcribing the forms in session 1, eight of the ten subjects correctly identified all six sequences ͑pϽ0.002 for each subject by binomial distribution͒, and the other two subjects reversed two of the sequences, yielding four out of six correct ͑pϽ0.05͒. When tested one week later in session 2, all subjects used the verbal forms they reported initially to correctly identify all six of the corresponding vowel sequences ͑pϽ0.002͒.
Subjects' performance in matching the responses of their yoked partner to the appropriate vowel sequences was considerably less accurate than their performance in experiment 1 ͑in which a silent pause separating two of the vowels provided a uniform starting position͒. In experiment 1, only one of the ten subjects failed to match their partner's responses at a level significantly above chance, while in this experiment, all of the subjects failed to achieve significance: Three of the subjects correctly identified only three of the six sequences, five subjects correctly identified two of the sequences, one subject correctly identified one of the sequences, and one subject was unable to identify any of the six sequences correctly.
In spite of this poor performance in matching the six vowel sequences to the verbal organizations transcribed by their yoked counterpart, identification of the spectral region from which the forms originated was generally possible. The relative ease of labeling the verbal forms as high or low during the filtering procedure may be attributable to the method of presenting each sequence individually along with written transcriptions limited to those forms reported for that particular sequence. Each of the verbal forms was labeled as high or low by at least one member of the yoked subject pairs, and 96 of the total of 115 forms reported during this experiment ͑83%͒ could be labeled by both members of the subjects pairs. When both subjects made assignments of high and low, there was perfect agreement on these labels. As in experiment 1, subject 3A was the only listener who did not report concurrent verbal forms with each of the sequences, and each of the single forms was based upon the low spectral components. Table II lists the verbal organizations reported by each subject for each of the vowel sequences in experiment 2. As in Table I , forms that are underlined could be matched to the appropriate sequence by the partner of the subject who reported the form. Even when there was no silent gap to mark the initial item ͑as there was in experiment 1͒, some similarities in the responses of individuals to the same vowel sequence are apparent, suggesting the use of a common starting position. As in experiment 1, the reported verbal forms all conform to the phonotactic rules for English, and further, virtually all syllables reported occur in English. In the final task of experiment 2, every subject correctly identified each of the six 70-ms steady-state vowels when the other vowels were absent ͑pϽ0.002 for each subject by binomial distribution͒.
III. EXPERIMENT 3
The previous experiments demonstrated intrasubject stability and intersubject agreement of syllabic forms in the vowel-sequence illusion. These results suggest that the acoustic patterns of the vowel sequences resemble the acoustic patterns of natural productions of the forms heard, and that similar criteria for syllabic organization were used by different subjects. Experiment 3 was undertaken to examine whether similarities exist between spectrograms of vowel sequences and those of actual vocal productions of the perceptual forms.
A. Subject
The speaker who produced the vowels used in experiments 1 and 2 also produced the syllables and words heard with vowel sequences for the analysis in experiment 3. Data from his participation in the first two experiments are included in Tables I and II where he is designated as subject 2B.
B. Apparatus and procedure
The Otari tape recorder and Neotek audio mixer employed in the previous experiments were used to present the recorded vowel sequences used in experiment 1. The speaker listened to the vowel sequences through headphones, and produced several of the verbal forms reported during that experiment. He synchronized his productions with the repeating illusory forms to preserve the temporal correspondence of illusory phonetic components to stimulus phones.
The vocal productions and the vowel sequences were recorded simultaneously on parallel tracks using the Macintosh computer.
The speaker's productions of forms heard for a particular sequence were not limited to those he reported in experiment 1-it was also possible for him to hear some of the different verbal forms reported by other listeners, in keeping with observations made with the yoked partners in session 2 of experiment 1. The vocal productions chosen for spectrographic comparison met the following criteria: ͑1͒ they corresponded to responses that were identical or similar across subjects listening to the same sequence; and ͑2͒ the corresponding illusory forms could be perceived distinctly by the subject producing the statements. Spectrograms of the verbal forms and the time-locked vowel sequences were created using the application Signalyze ͑Keller, 1994͒ running on the Macintosh computer.
The subject participated in an additional session to determine the spectral region of the vowel sequence contributing to each of the verbal forms that had been recorded. This information was used when examining the spectrograms for acoustic features common to the stimuli and vocal productions of the percepts. In order to determine the spectral existence regions, the vowel sequences were played back using the same apparatus employed in the first two experiments. Starting with a Wavetek Brickwall filter ͑model 753A, 115 dB/oct slopes͒ set to pass a given vowel sequence broadband, the low-pass cutoff frequency was lowered until the timbre of a chosen verbal form was just affected. With the upper spectral limit determined, the high-pass cutoff was TABLE II. Verbal organizations reported by individual subjects when listening to sequences of six steady-state vowels repeating without pauses ͑experiment 2͒. Underlining indicates that the subject's partner could correctly identify which of the six arrangements was responsible for that form. An asterisk indicates that the form appears more than once in the column. raised in similar fashion to determine the lower spectral limit of the form. This procedure was repeated for each of the high and low verbal forms produced by the speaker during this experiment. The criteria employed for determining the spectral limits of the perceptual forms were broader than those employed during the first two experiments since they encompassed not only those frequencies that defined the upper and lower spectral boundaries sufficient to identify the illusory forms, but also those frequencies contributing to their timbres. This resulted in cutoff frequencies above 1500 Hz for the low spectral forms, and frequencies below 1500 Hz for the high spectral forms.
C. Results
Figures 1 and 2 illustrate both the similarity and the differences between sound spectrograms of steady-state vowel sequences and productions of some of the verbal forms that had been reported for these sequences in experiment 1 ͑see Table I͒ . Spectral ranges that did not contribute to the identity, and did not influence the timbre of the perceptual forms in any way are blocked out in the figures. Figure 1 displays examples of time-aligned spectrograms of vocal productions for low-and high-frequency forms reported in experiment 1. Figure 2 provides examples of different forms reported for a single sequence: The spectrogram for sequence 2 is shown along with spectrograms of three of the forms shown in Table I . It should be noted that in both Figs. 1 and 2 , the stimulus vowels and the vocal productions of the perceptual forms were produced by the same individual in order to avoid spectral differences that could arise from different vocal tracts.
The most striking feature illustrated by the spectrograms is the separate verbal organization of high-and lowfrequency components. This spectral splitting of the vowel sequence into two voices occurred despite the perceptual cohesion of the spectral components of normal speech and also of individual steady-state vowels when presented in isolation.
1 An examination of Figs. 1 and 2 indicates not only that limited spectral ranges are employed for verbal organization, but also that all of the formants of a vowel occurring within the same spectral range need not be used. Also, while most of the low frequency forms appeared to span the entire duration of the six-vowel sequence, many of the highfrequency forms are phonemically impoverished, and appeared to be based upon groups of only two or three stimulus vowels.
2 Some similarities can be observed in the temporal patterns of formants in the vowel sequences and the corresponding vocal productions. In the spectrogram for sequence 2 ͑shown in Fig. 2͒ , we see that over a large portion of the spectral pattern, there is a monotonic decrease in the frequency of the first formant accompanied by an increase in the frequency of the second formant. This pattern resembles that of the gliding formants shown in the spectrograms of the vocal productions of forms heard with this sequence. In sequence 4 ͑shown in Fig. 1͒ , there is a less uniform pattern of formant changes from one vowel to the next. Despite this FIG. 1. Spectrograms of actual vocal productions of the verbal forms in low-and high-frequency regions which exhibited the greatest intersubject agreement in experiment 1 ͑the lower two panels͒, along with time-aligned spectrograms of single statements of the corresponding vowel sequences ͑the upper panels͒. Spectral regions not contributing to the identity or timbre of the perceptual organizations are occluded ͑see text for a discussion of spectral fissioning͒. As shown in Table I , two subjects listening to sequence 4 reported the nonsense word ''mahree'' as their low-frequency region verbal form and most of the other listeners reported forms resembling ''mahree'' to various degrees; and three of the ten subjects listening to sequence 1 reported the high-frequency region form ''adlib. '' complex temporal pattern of formants in sequence 4, the verbal reports of individual listeners hearing this sequence exhibit some remarkable similarities as can be seen in Table  I -for example, two subjects reported the nonsense word ''mahree'' as their low-frequency form, and most of the other listeners heard forms resembling ''mahree'' to various degrees.
IV. GENERAL DISCUSSION AND CONCLUSIONS
Highly skilled complex processes, such as those involved in speech perception, seem to be immediate and direct, and consequently normally remain hidden. However, auditory illusions such as verbal transformations, phonemic restorations, and contralateral induction have furnished procedures for examining processes and strategies that are otherwise not readily accessible ͑for discussion of the use of illusions in the study of speech, see Warren, 1996͒ . The verbal organization of vowel sequences also provides novel information concerning the perceptual processing of speech sounds.
The verbal organization of repeating vowel sequences occurs despite the lack of consonants and the absence of coarticulation and formant transitions that accompany the production of successive phones in normal speech. The syllabic or lexical templates used for pattern matching appear to have ''fuzzy'' boundaries which can accept step-wise changes in formant frequencies in place of gliding formant transitions. This acceptance may be facilitated by repetition, which has been shown to shift the boundaries of perceptual recognition templates toward the parameters of the repeated stimulus ͑see Diehl, 1981; Miller and Eimas, 1982͒ . These changes in boundaries are consistent with the general perceptual principle called the criterion shift rule, which considers that criteria used for evaluating stimuli and events become displaced in the direction of simultaneous or recently experienced values ͑see Warren, 1985͒. Further, it has been demonstrated that these perceptual shifts in the categorical boundaries for speech are considerably greater when generated during, rather than following repetition ͑Warren and Myers, 1987͒. It appears that ongoing repetition temporarily alters the acoustic requirements for a phonetic sequence to be recognized as a particular syllable or word to the point at which the vowel sequence is accepted as a token of that form.
The spectral fissioning of broadband vowel sequences into two verbal forms corresponding to low-and highfrequency regions suggests the existence of a powerful organizational principle capable of overcoming the strong acoustic cues indicating a common source for all spectral components of acoustic phones. These cues indicating a single source include the abrupt simultaneous onset and offset of components across the spectrum, the harmonic relation of all spectral components to a common 100-Hz fundamental, and the spacing of the formants of each vowel indicating a phone produced by a single vocal tract. Nevertheless, the tendency to match these phonetic sequences to separate frequency-limited templates for syllables and words was sufficient to overcome these forces of fusion.
The spectral splitting of vowel sequences occurs in the vicinity of the ''crossover frequency'' of approximately 1500 Hz that, according to the Articulation Index ͑ANSI 3.5, 1969, R1986͒, divides normal broadband speech into highand low-spectral regions contributing equally to intelligibility. Sentences limited to either of these two frequency ranges can be understood- Warren et al. ͑1995͒ reported that words in sentences representing everyday speech can remain highly intelligible when heard through narrow spectral slits on either side of 1500 Hz. It was pointed out by Chalikia and Warren ͑1994͒ that the ability to comprehend speech on only one side of the crossover frequency could allow listeners to FIG. 2 . Spectrogram of a single statement of vowel sequence 2 ͑top of figure͒, and time-aligned spectrograms of actual vocal productions of verbal forms corresponding to the lower spectral range. As in Fig. 1 , spectral regions not contributing to the identity or timbre of the perceptual organizations are occluded. As shown in Table I , these three verbal forms, or forms closely approximating them, account for the reports from nine of the ten subjects exposed to this random arrangement of vowels. Although the various reported verbal forms differ in phonemic content, their spectrograms each resemble the pattern of formant structures in the vowel sequence.
process broadband speech independently in each of these ranges. Such independent concurrent processing could be useful when a spoken message is unclear. Normally, the linguistic information obtained in each of the two ranges would be consistent, so that they could be integrated and fused into a single broadband auditory image. However, the concurrent linguistic organizations achieved with vowel sequences are incompatible, integration is not possible, and listeners hear two voices with different timbres, each saying something different.
The current experiments were undertaken to investigate whether the verbal forms heard with vowel sequences are stable upon retest and whether there is agreement among individuals concerning the syllables and words heard with particular sequences. Because there is stability and consistency, it can be concluded that the forms heard result from common basic principles employed by listeners for the comprehension of speech, and that vowel sequences can be employed to elucidate acoustic features employed for accessing particular syllables and words.
In experiment 1, where a brief silent gap separated successive statements of the repeated stimulus, listeners began their verbal organizations at the same point in the stimulus. Under these conditions, verbal forms reported by various subjects listening to particular arrangements of vowels were in some cases identical, and in others, quite similar. This agreement in the responses of different individuals is especially striking when it is considered that the open set of syllabic and lexical items available to listeners is very large indeed. Also in experiment 1, it was demonstrated that verbal organizations are stable over time-listeners tended to hear the same verbal forms when presented with the same set of vowel sequences following a delay of one week. Although there were considerable differences in the verbal forms reported by different subjects in the first study involving sequences of brief vowels ͑Warren et al., 1990͒, there was some indication of the stability of verbal organizations of individual subjects. In that study, listeners discriminated between pairs of repeating ten-item vowel sequences differing only in the order of two contiguous vowels. Subjects used verbal mediation for this task, usually reporting subtly different verbal forms for each the paired of sequences. It was noted that 52% of verbal reports were identical across first and second presentations of the stimulus pairs, despite the fact that several days and many interpolated judgments of other stimulus pairs separated judgments of the same stimuli. The present study provides direct evidence for the robust stability of perceptual organization by demonstrating that listeners can match sequences with their perceptual organizations reported one week earlier. Observations with laboratory personnel indicate that the perceptual organizations are stable over periods considerably longer than one week, and that listeners tend to hear the same verbal forms with particular arrangements of vowels following delays of months or even years.
It was also shown in experiment 1 that listeners have the ability to identify various arrangements of the same six vowels using only the written transcriptions of the verbal organizations reported by another subject. This ability to match the sequences using the reports from a yoked counterpart indicates that when forms heard by partners differed, they were usually able to perceptually reorganize the sequences and recognize which of them corresponded to their partner's forms. Taken together, the results obtained in experiment 1 indicate that the perceptual organization of sequences of brief vowels is based upon the use of common principles by the individual listeners.
In experiment 2, vowel sequences were repeated without the brief pause separating successive statements of the stimulus employed in experiment 1. Perceptual organizations were again found to be stable over time, since listeners tended to hear the same forms when presented with the sequences following a delay of one week. Interestingly, even with elimination of the silent gap ͑and the fixed starting point͒, similarities in the responses of different individuals listening to the same stimuli are apparent. For example, Table II shows that for sequence 11, six of the ten subjects heard bisyllabic forms in which the first syllable ended with ''m'' and the second syllable was ''ber.'' However, when the forms heard by a pair of listeners differed, they were generally unable to identify their partner's forms. Since this task could be accomplished by the same subjects during experiment 1 ͑in which a brief pause fixed the starting position of the sequence for everyone͒, it appears that subjects were unable to shift their chosen starting positions to the unknown position required to hear the forms reported by their partner.
While experiments 1 and 2 demonstrated that the perceptual organization of sequences of brief vowels shows both intrasubject stability and intersubject agreement, experiment 3 was designed to provide information concerning the basis for this organization. Spectrograms of vowel sequences and of the synchronous productions of corresponding perceptual forms show some similarities in the temporal patterns produced by the formants. The vowel sequences, of course, consist of a succession of periodic sounds and examination of the spectrograms of the vocal productions ͑as well as the lists of forms in Tables I and II͒ shows that phonemes involving nonperiodic components ͑such as fricatives͒ were reported infrequently. Stop consonants were heard frequently, and these were usually /b/ or /d/-the unvoiced counterparts /p/ and /t/ ͑possessing longer nonperiodic components͒, were heard rarely. There were very few reports of the palatal-velar stop consonants /k/ and /g/, whereas nasal consonants ͑/m/ and /n/͒ and liquid semivowels ͑/j/ and /l/͒ were heard frequently. The interested reader is directed to Chalikia and Warren ͑1991͒ for a comprehensive description of the correspondence of individual stimulus phones and perceptual phonemes. That study employed a mapping procedure in which a repeating vowel sequence was abruptly terminated at predetermined positions and the last illusory phoneme heard was noted.
It has been suggested that the preplanning required for speaking is accomplished with the assistance of a production syllabary consisting of listings of the sequence of motor commands needed to produce the syllables occurring in English. Crompton ͑1982͒ argued that the construction of articulatory programs involves the accessing of this library of articulatory routines, and that these routines correspond to syllables. Confirmatory evidence for the existence of a production syllabary is provided by errors associated with ''slips of the tongue.'' Crompton considered such speech errors to be due to the faulty operation of the mechanism that accesses these various syllable routines. This notion of a preexisting production syllabary was elaborated by Levelt ͑1989, 1992 , who used the concept to sketch a framework for planning the construction of motor programs that a speaker implements to generate the syllables in connected speech ͑Levelt and Wheeldon, 1994͒.
A mental compendium of English syllables that can be used for the production of speech may also be used for the perception of speech. Experiments with vowel sequences indicate that perceptual organization is limited to English syllables, suggesting the accessing of an English syllabary. The verbal forms reported with vowel sequences consisted either of English words ͑that could be monosyllabic or polysyllabic͒, or nonlexical forms that could be segmented into syllables occurring in English. The accessing of a mental syllabary might be an initial stage in the processing of sentences and discourse: A syllabary would, of course, provide direct access to monosyllabic lexical items, and in addition, could allow the accessing of polysyllabic words by the linking together of appropriate units.
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